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VIA AP SWITCHING 

FIELD OF THE INVENTION 

The invention disclosed broadly relates to the field of magnetic storage of 
information and more particular to storage of information in Magnetic Random Access 
Memory ("MRAM") and media for mass storage devices. 

BACKGROUND OF THE INVENTION 

Magnetic Storage Media 
Magnetic storage media are well known. Media for hard disk drives and 
MRAM are among the most common forms of magnetic storage media. Referring to 
FIG. la, there is shown an MRAM array according to the prior art. The array 
includes a set of electrically conductive traces that function as parallel word lines 1, 2, 
and 3 in a horizontal plane, and a set of electrically conductive traces that function as 
parallel bit lines 4, 5, and 6 in another horizontal plane. The bit lines are oriented in a 
different direction, preferably at right angles to the word lines, so that the two sets of 
lines intersect when viewed from above. While not shown in FIG. la, the array is 
formed on a substrate, such as a silicon substrate on which there would be other 
circuitry. Also, a layer of insulating material is located between the bit lines and word 
lines at regions of the MRAM other than the intersecting regions. Three word lines 
and three bit lines are illustrated in FIG. la, but the number of lines would typically be 
much larger. 
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Referring to FIG. lb, there is shown an MRAM cell 9 that includes a magnetic 
tunnel junction (MTJ) 8. The MTJ comprises a magnetically changeable or free 
region 24, and a proximate magnetic reference region 20, arranged into the MTJ 
device 8. The principle underlying storage of data in such cells is the ability to change 
the relative orientation of the magnetization of the free and reference regions by 
changing the direction of magnetization along the easy axis ("EA") of the free region, 
and the ability to thereafter read this relative orientation difference. 

The memory cell 9 is located at each crossing point of the word lines and bit 
lines in the intersection region vertically spaced between the Imes. During operation 
of the array, current flows in a vertical direction through the cell 9. The vertical 
current path through the memory ceil permits the memory cell to occupy a very small 
surface area. 

The structure of the memory cell 9 is described in more detail with reference to 
FIG. lb. The memory cell 9 is formed on and in contact with a word line 3 (FIG. la). 
The MTJ 8 is formed as a series of layers of material stacked one on top of the other. 
The MTJ 8 possibly comprises a template layer 15, such as Pt, an initial ferromagnetic 
layer 16, such as permalloy (Ni-Fe), an antiferromagnetic layer (AF) 18, such as Mn- 
Fe, a fixed ferromagnetic layer (FMF) 20, such as Co-Fe or permalloy, a thin 
tunneling barrier layer 22 of alumina (AI2 O3), a soft ferromagnetic layer (FMS) 24, 
such as a sandwich of thin Co-Fe with permalloy, and a contact layer 25, such as Pt. 

The FMS layer 24 is fabricated to have a preferred axis for the direction of 
magnetization called the easy axis. There are two possible directions of magnetization 
of the FMS layer along this easy axis, which defines the two states of the memory cell. 
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In contrast, the FMF layer 20 is fabricated to have only one preferred direction of 
magnetization, called its unidirectional anisotropy direction, and this direction is 
parallel to the easy axis of the FMS layer 24. The desired easy axis for the EMS layer 
24 is set by some combination of intrinsic anisotropy, strain-induced anisotropy and 
5 shape anisotropy of the MTJ 8. The MTJ 8 and FMS 24 are possibly made in the 
shape of a rectangle of length L and width W, where L is larger than W (FIG. lb). 
However, other shapes such as an ellipse are also possible. The magnetic moment of 
FMS 24 prefers to align along the direction of L. 

10 More particularly, an MRAM cell is written by reversing the free region 

magnetization using applied bi-directional electrical and resultant magnetic stimuli via 
its respective bitline and wordline, and is later read by measuring the resultant 
tunneling resistance between the bitline and wordline, which assumes one of two 
values depending on the relative orientation of the magnetization of the free region 

15 with respect to the reference region. (The term reference region is used broadly herein 
to denote any type of region which, in cooperation with the free or changeable region, 
results in a detectable state of the device as a whole.) If the free region is modeled as a 
simple elemental magnet having a direction of magnetization which is free to rotate 
but with a strong preference for aligning in either direction along its easy axis (+EA or 

20 -EA), and if the reference region is a similar elemental magnet but having a direction 
of magnetization fixed in the +EA direction, then two states (and therefore the two 
possible tunneling resistance values) are defined for the cell: aligned (+EA/+EA) and 
anti-aligned (-EA/+EA). 

25 
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Magnetic Bits. 

MRAM and media for disk drives both use magnetic bits to store information. 
The bit is typically a submicron piece of magnetic material. For example, in MRAM 
the free layer of the tunnel junction is the magnetic bit; it can be an ellipse 300nm x 
5 600nm in area and 5nm thick. The information is stored as the direction of 
magnetization of the bit, either pointing right or left, to store 'V or '0\ When the bit 
is in a zero applied magnetic field state, its magnetization is stable pointing either right 
or left. The application of a magnetic field can switch it from right to left and vice 
versa, to write information into the bit. Clearly, one of the important requirements for 

10 data storage is that the bit not change direction when there is no, or only a small, 
applied field. This is complicated for MRAMs because the bit is often affected by a 
small field (called a half-select field) during operation when other bits are being 
written. The bits must not change direction during such a half select. Unfortunately, 
in practice, bits do change direction unintentionally, because of thermal activation. 

15 This means that thermal energy from the environment helps the bit over the activation 
energy barrier, Ea, to change direction. This thermal activation process must be 
minimized. The resulting error rate due to thermally activated switching is called the 
soft error rate (SER). 

20 Scaling. 

As the area of each bit is made continually smaller in each generation of 
product (a process referred to as scaling because the bit area is scaled down to allow 
for more bits in the same area), the SER problem becomes worse. A quantity (Ea) 
describes the barrier height to thermal activation. It is desirable to have as large a 

25 barrier as possible, to prevent a given bit from activating over the barrier and thus 
changing direction unintentionally. According to single domain theory, Ea is 
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proportional to the volume of the bit. Therefore as the area is scaled down, if nothing 
else is changed, Ea also goes down and so the SER quickly becomes unacceptably 
large. The simplest known solution is to increase the thickness of the cell as the area 
is scaled down, to maintain a large enough volume to keep Eg large enough to avoid 
5 SER. However, this becomes a problem because a stronger magnetic field is required 
to switch a thick bit structure. The strength of field required to switch a bit is referred 
to as the coercivity, He. Therefore the goal of scaling is to make the area of the bit 
smaller while maintaining Ea and He (preventing Ea from becoming too small and 
preventing He from becoming too large). 

10 

Writing Media versus MRAM. 
The difference between writing data to media and MRAM is that in media the 
bit is switched by applying an easy axis field only (easy axis means along the 
direction in which the magnetization tends to lie; the hard axis is perpendicular to 

15 this), and only one bit at a time feels the field; there are no half select fields. 
However in MRAM there is an array of bits and one bit is written to by sending 
currents down a row line and a column line. The bit at the intersection of these two 
lines feels both an easy and a hard axis field, and so switches. However, the non- 
selected bits on the column line only feel the easy axis field (half select field), and the 

20 non-selected bits on the row line only feel the hard axis field (half select field) and so 
these half selected bits do not switch. The curve in easy and hard fields which shows 
when the bit switches is called an astroid. 

Referring to FIG.lc, there is shown an example of a Stoner-Wohlfarth (SW) 
25 astroid 150. The vertical axis represents the hard axis field strength and the 
horizontal axis represents the easy axis field. The points show the half and full select 
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fields. For fields larger than the astroid, the bit switches, whereas for fields smaller 
than the astroid, the bit does not switch. For example, dot 152 represents a hard axis 
half select field. Dot 154 is in the fiiU select field area and dot 156 is in the easy axis 
half select field. The goal therefore is to design a magnetic cell having an astroid so 
that the half select field lies within it and the fiiU select field lies outside it. When the 
SER is taken into account, one finds that the astroid boundary needs to be even larger 
than the half select fields. This is because Ea depends on the field; as the easy or hard 
axis field is increased, Ea decreases. When the strength of the easy and hard axis 
fields reach the astroid boundary, Ea has been reduced to zero. The astroid shape and 
the size of Ea depend on the bit design. Known designs commonly use a single layer 
shaped like an ellipse. The single domain theory for this case is referred to as Stoner- 
Wohlfarth theory and the astroid shape is the Stoner-Wohlfarth astroid (shown in 
FIG. Ic). 



In view of the foregoing discussion it is apparent that there is a need for 
improved designs that accomplish the desired switching characteristics and avoid the 
SER problem. 



SUMMARY OF THE INVENTION 

Briefly according to the invention a magnetic storage structure comprises a 
first magnetic layer; a second magnetic layer; and a nonmagnetic spacer layer 
disposed between the first and second layers for coupling the first and second layers to 
be parallel in a zero field condition. 
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According to another aspect of the invention a magnetic memory cell exhibits 
a hysteresis loop wherein in small fields the thin layer switches, reversibly, leaving the 
layers AP. At larger fields the thick layer switches making the layers P. 

According to another aspect of the invention, a magnetic memory structure 
comprises two magnetic layers wherein the layers are magnetically coupled in a 
substantially parallel mode in zero field, and switches via the AP state. 



BRIEF DESCRIPTION OF THE DRAWINGS 

FIGs. la and lb illustrate a prior art MRAM cell. 
FIG. Ic shows a Stoner-Wohlfarth astroid. 

FIG. 2a and 2b respectively show top and side views of a magnetic memory 
cell according to an embodiment of the invention. 

FIG. 3 shows a graph of a via AP astroid for media. 

FIG. 4 is a graph showing the AVAP astroid and the Stoner-Wohlfarth 
asteroid. 

FIG.5 is a phase diagram for two coupled magnetic layers. 
FIG. 6 is a graph showing an AVAP hysteresis loop. 
FIG. 7 is a graph of an AVAP astroid. 
FIG. 8a shows a hysteresis loop based on experimental data. 
FIG. 8b is a graph of an astroid based on experimental data. 
FIG. 9 is a graph of experimental data for a hysteresis loop. 

DESCRIPTION OF PREFERRED EMBODIMENTS 
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We discuss a new type of magnetic bit design which exhibits a characteristic 
called via antiparallel (AP) switching that can be applied to both media used in hard 
disk mass storage and MRAM. hi both applications a memory cell comprises first and 
second magnetic layers coupled via a non-magnetic layer. 

Referring to FIGs. 2a and 2b there are shown top and side views of a magnetic 
memory cell 200. In a first embodiment, the cell 200 represents a memory cell in 
magnetic storage media such as a hard disk drive. In a second embodiment, the 
structure 200 represents an MRAM cell. The magnetic memory ceil 200 comprises a 
first magnetic layer 202 and a second magnetic layer 204. The first layer has a 
thickness t, and the second layer has a thickness t2. The first and second magnetic 
layers are weakly coupled via a nonmagnetic layer 206. hi the media embodiment t, 
substantially equals t2. By "substantially" we mean close enough to equal such that the 
switching characteristics discussed herein are present, hi the MRAM embodiment ti is 
substantially greater than ta. An example of a substantial difference in thickness is 
where U is 2 to 6 times ta. 

The free layer of a media cell 200 is replaced by two magnetic layers 202 and 
204 which are weakly parallel coupled together via a nonmagnetic layer 206. The 
magnetic coupling is strong enough so that the magnetic fields of the two layers are 
parallel (P) in a zero field condition (i.e., absence of an external magnetic field) but 
weak enough that during switching of the magnetic field du-ection the layers are not 
parallel, and ideally become antiparallel (AP). The nonmagnetic layer is said to 
exchange couple the two magnetic layers 202 and 204 together. Such exchange 
coupled sandwiches are very well known. However known technological aDnlications 
of such coupling have only been used where the coupling is large and AP. According 
to the invention small and P coupling is desired. 
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The applications of via AP switching to rotating media and MRAM differ in 
the relative thickness of the two magnetic layers. For rotating disk media they are 
substantially of equal thickness, whereas for MRAM their thicknesses are different by 
a factor of perhaps two to six times (hence tiie name ''Asymmetric Via AP switching" 
or "AVAP"). The phrase "via AP" is used to refer to the case where tiie two layer 
tiiicknesses are tiie same (Media), and AVAP to refer to tfie case where they are 
different (MRAM). 



Description Of Via AP for Media 
As discussed above, flie via AP design is used for media. This case, where tiie 
two magnetic tiiicknesses are tiie same, is the simplest case. It is possible to provide 
an exact ti-eatinent of tiiis case using single domain theory, as discussed below. 

Consider the two layers being coupled togetiier witii positive coupling 
(favoring parallel coupling). According to tiiis embodiment, tiie coupling between tiie 
layers is strong enough to couple tiie layers in parallel when tiiey point in tiie easy axis 
dkection, but weak enough so tiiat tiie layers are anti-parallel when tiiey point in tiie 
hard axis direction (in tiie absence of appUed fields). Then tiiese layers will switch via 
an antiparallel (AP) state. This leads to a large enhancement of tiie activation energy, 
while maintaining a constant He. 
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The energy is expressed as follows: 
E = -]i H - AJ cos(0^ -e^) 

" ~^sH, (t, cos 9^ + ^2 cos ^2 ) - (/, sin ^, + sin 9^ ) 

+ WI[NxA COS^ ^, + iV,2/2 COS^ ^2 +2iV,2/, COS^, C0S^2] 

+ WA^yxh sin' ^, + A^^2'2 sin' 9^ + 2iV^2'i sin^, sin^j] 
-ycos(^, -9^), 

where iV,2/, = Nj^ and similarly for y, and where 0| represents the direction of the 

magnetic field of the first magnetic layer and 62 represents the direction of the 
magnetic field of the second magnetic layer. This is reduced to 

^(^1.^2) = -^,(^^ cos ^, +z"^cos^2)-^^(2^sin^, +z->^sin^2) 
-xcos^i cos6'2 -;;sin^, sin^j +^^[2sin^ 9^ sin^ 9^\ 

where terms independent of angle are disregarded. The symbols have the following 
definitions: 

Eb bH 
e = u = "-y 

_ Jb ji) 

where b is the width of the ellipse, A is the area of the ellipse, /, and are the 
thicknesses of the two layers, J is the exchange coupling in ergs/cm^ and n and « 
are the reduced demagnetizing factors ( = 0.32 and = 0.9 for an aspect ratio of 
2). 

The layers will be parallel in zero field if e(0,0) < e(0,;r) , i.e. if ;c> 0 . The 
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layers will switch via the AP state if < eCA,^,) , i.e. if < 0 . This 



requires 



As a simple example, consider the case when no hard axis field is applied, and 
the two layer thicknesses are equal. Then it follows that e^=-e^=e . The energy 
becomes 

e = -2h^ COS0 - 2xcos^ 0 . 
The activation energy and the coercivity are easily calculated: 

These translate into 



E,=2A 



2„ ,^2 1 2J-— 



b 



(2) 



An important aspect of equations (2) is that J can be chosen independently of r . This 
means that can be made large while keeping small. For example, given H^^ 
and J , then choosing 
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t 

Z °' ^ * ""^suiting in a large activation energy 

enhancement. Here to is the thickness of a single layer with coercivity Hco and 
activation energy Eao- 



Description of Via AP for MRAM 
Referring again to FIGs. 2a and 2b, there are shown top and side views of an 
MRAM cell 200 wherein first and second magnetic layers (202 and 204) coupled to 
each other via a nonmagnetic layer 206 have different thicknesses (t, and tj). In this 
case layer 202 is a thin layer and layer 206 is the thick layer. The reason that the case 
where t, = t^ camiot be used for MRAM is that, while E, is large, the associated astroid 
does not have the right shape, as shown in FIG. 3. By making t, > ta the astroid shape 
changes to a new type of shape which provides much better switching characteristics 
than the astroid shape used in the prior art. This astroid shape (herein called the 
AVAP astroid 402) is shown in FIG. 4, along with the Stoner-Wohlfarth astroid 404. 
The points each shown as an x (406-410) represent the Stoner-Wohlfarth 
characteristic. The round points (4 1 2-4 1 6) represent the AVAP characteristic. The 
AVAP astroid 402 shape has more curvature than the Stoner-Wohlfarth astroid 404. 
This allows the half select fields to be made smaller (relative to the tips of the astroid 
along the easy and hard axes) while still leaving the full select field outside of the 
astroid boundary. The smaller half select fields in turn produce a larger Ea. Therefore 
AVAP provides two distinct benefits: (1) Ea is larger in zero field and (2) smaller half 
select fields are used (relative to the tips of the astroid along the easy and hard axes), 
thus Ea is reduced less than in the Stoner-Wohlfarth case. Both of these factors reduce 
the SER. 
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Phase Space Where AVAP Is Found 
Referring to FIG. 5, there is shown a phase diagram for the coupled layers. It 
is divided into four sections. There is a range of layer thicknesses and coupling 
strengths that result in AVAP, based on the single domain model, with the assumption 
that there is negligible intrinsic anisotropy. Including intrinsic anisotropy does not 
substantially change the following results. FIG. 5 shows where AVAP switching is 
found. The vertical axis represents the variable 2, the thickness asymmetry, and the 
horizontal axis represents the variable x, the value of the reduced coupling strength, 
including demag, as defined above. One can see that when the value of ;c is too large 
the resuh is.a simple hysteresis loop (P region). For large negative values of x the 
result is the well known AP region. This region is divided up into three sub-regions 
A, B, and C depending on the details of the shape of the hysteresis loop. In-between 
these regions is a small region where the layers are parallel in zero field, but switch via 
the AP state. In the region marked via AP, the layers switch dynamically through the 
AP state in one step. This is the via AP region of interest for media. In the region 
marked AVAP, the layers switch via the AP state in two steps. After the first step the 
layers are antiparallel, and after the second step they are parallel pointing in the 
opposite direction fi'om where they started. 

AVAP hysteresis loop and astroid 
For the case of MRAM, where the two layer thicknesses are unequal, it is still possible 
to derive the coercivity analytically. The following results are from a solution to the 
above single domain theory for the case where t,?tt2. Figure 6 shows an easy axis 
hysteresis loop of an AVAP bit. Arrows show the direction of magnetization for th^ 
two layers. A field is applied in the easy axis direction and the magnetization is 
calculated as a fimction of field. First note that in zero field, the two layers are 
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parallel. As a field is applied, first the thin layer switches, making the layers AP. This 
is a reversible transition; if the field were decreased at this point back to zero, the two 
layers would return to being parallel. As the field is increased further, the thick layer 
switches, leaving the layers P again. As the field is returned to zero, the layers remain 
P. The only stable states in zero field are for the layers to be P. The first transition is 
given by the equation: 



AAs t,t2 ^ b 



n 



X 



and the second transition is given by 



FIG. 7 shows an AVAP astroid 700. At low hard axis fields the astroid is 
similar to a Stoner-Wohlfarth astroid, and for larger hard axis fields, the astroid is 
similar to a via AP astroid. The tip of the astroid along the easy axis is given by Hb, 
and the tip of the astroid along the hard axis is given by the following equation: 

Achieving weak parallel coupling 
There are many ways to get the two magnetic layers weakly parallel coupled. 
The ideal method is to use an element or alloy for the nonmagnetic metal spacer layer, 
which provides the correct amount of exchange coupling. There are manv such allov. 
principally alloys involving at least one of the following elements: Ru, Os, Re, Rh, 
Mo, Ir, Cr, Cu, and V. Another method is to use a spacer material which gives very 
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large P coupling (for example Ru) and then add a dusting layer to reduce this 
coupling. As used herein, a very large coupling is one where J > 0.5 erg/cm^ For 
example one or both interfaces, or the middle of the Ru layer, could be dusted with a 
few Angstroms of another material which has no (or much smaller coupling) thus 
reducing the net coupling. Another method is to have the two magnetic layers 
separated only by a thin layer of a nonmagnetic material with pinholes in it. The 
nomnagnetic material serves to largely decouple the two layers, while the pinholes 
allow the two layers to be P coupled, but only weakly. A different method is to use 
Neel coupling by making the interfaces rough, however this is often not preferred 
because the roughness has other deleterious effects. In addition, all of these methods 
can be trivially modified to have N layers where (N>2) and where all adjacent layers 
are weakly parallel coupled together. 

As an example of the dusting method. Figure 8a shows the hysteresis loop of a 
structure with composition 30NiFe/ 2CoFeB/ 16Ru/ 2CoFeB/ 70 NiFe (all units are 
Angstroms). Here, CoFeB has very weak coupling across Ru, and NiFe has very 
strong coupling across Ru. The CoFeB dusting layer thus reduces the net coupling 
strength. FIG. 8b also shows the astroid for this sample. As another example. Figure 
9 shows the hysteresis loop for a sample with composition 60NiFe/ 4.5 OsRe/ 30NiFe. 
Here the alloy Os25Re75 has been chosen to provide the optimal amount of P coupling. 

Therefore, while there has been described what is presently considered to be 
the preferred embodiment, it will be understood by those skilled in the art that other 
modifications can be made within the spirit of the invention. 



I claim: 



DOCKET NO. YOR9-2003-0046 

15 



